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ABSTRACT 


An  experimental  investigation  of  laminar  boundary -layer  transition 
on  a  sharp,  10-deg  total-angle,  insulated  cone  at  zero  yaw  was  con¬ 
ducted  in  the  AEDC-VKF  12-  and  40 -in.  supersonic  wind  tunnels  at  free- 
stream  Mach  numbers  from  3  to  6.  This  research  was  directed  toward 

i 

defining  the  relationship  between  the  aerodynamic  noise  disturbances 
and  bound  ary -layer  transition  Reynolds  numbers  (Ret)g  in  high-speed 
wind  tunnels  and  has  extended  previously  published  planar  results  to 
include  axisymmetric  models.  A  significant  increase  in  (Repg  with  in¬ 
creasing  tunnel  size  (similar  to  the  planar  results)  is  shown  to  exist. 
Sharp  cone  transition  Reynolds  numbers  from  ten  facilities  (12-  to  54-in.) 
for  free-stream  Mach  numbers  from  3  to  14  and  a  unit  Reynolds  number 
per  inch  range  from  0.  1  x  10®  to  1.2  x  10®  have  been  correlated  using 
aerodynamic-noise -transition  parameters.  A  quantitative  correlation 
of  the  ratio  between  cone  and  planar  (Ret)g  values  has  been  developed 
which  demonstrates  a  strong  Mach  number  dependence  and  also  indicates 
a  variation  with  tunnel  size  and  unit  Reynolds  number. 
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T 

To 

U 

x 
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Axial  distance  from  tunnel  throat  to  wall  boundary -layer 
rake,  in. 

Mach  number 

Surface  probe  pitot  pressure,  psia 

Cone  surface  static  pressure,  psia 

Tunnel  stilling  chamber  pressure,  psia 

Total  pressure  downstream  of  a  normal  shock  wave  at 
free -stream  conditions,  psia 

Root-mean-square  of  pressure  fluctuation,  psia 
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Free -stream  dynamic  pressure,  psia 

p 
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Transition  Reynolds  number  (based  on  local  conditions), 
(Ret)6  =  (Re/in.)^  xj. 

Inviscid  flow  local  surface  unit  Reynolds  number  per 
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Free-stream  Reynolds  number  per  inch,  U Jv§ 

Static  temperature,  °R  or  °F 
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Velocity,  ft/ sec 

Surface  distance  measured  from  cone  apex,  in. 

Surface  distance  location  of  boundary-layer  transition, 
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6  * 


Boundary -layer  displacement  thickness  (tunnel  wall), 
in. 


6C  Cone  half- angle,  deg 

M  Absolute  viscosity,  lb-sec/ft^ 

v  Kinematic  viscosity,  in. -ft/sec 


SUBSCRIPTS 

aw  Adiabatic  wall 

c  Cone  configuration 
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planar 

w 


Two-dimensional  configuration,  either  hollow  cylinder 
or  flat  plate 

Wall 


6 


Local,  inviscid  flow  properties 


Free-stream 
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SECTION  I 
INTRODUCTION 


Whenever  theoretical  analyses  for  a  particularly  difficult,  but  equally 
important,  physical  phenomenon  are  known  to  be  inadequate  then  solutions 
must,  from  necessity,  be  provided  by  experimental  and  empirical  results. 
For  over  six  decades  the  laminar  boundary -layer  transition  process  has 
defied  the  development  of  a  successful  theoretical  analysis.  Consequently, 
the  bulk  of  the  knowledge  accumulated  to  date  on  this  very  complex  fluid 
flow  phenomenon  has  relied  almost  entirely  on  experimental  data.  Unfor¬ 
tunately,  however,  as  experimentalists  continue  to  gather  transition 
data  —  to  advance  the  state  of  the  art  and  to  meet  the  demands  dictated  by 
high  performance  reentry  vehicles  and  supersonic-hypersonic  cruise 
aircraft  —  it  is  becoming  more  evident  that  the  transition  process  (as  was 
the  case  with  the  now  historic  stability  experiments  of  Ref.  1)  is  critically 
dependent,  even  at  supersonic-hypersonic  Mach  numbers,  on  the  free- 
stream  disturbance  modes  present  in  conventional  experimental  facilities. 

Facility -generated  disturbances  (primarily  vorticity)  present  in  sub¬ 
sonic  and  low  supersonic  (Mm  <  3)  wind  tunnels  have  long  been  recognized 
to  have  a  significant  and  adverse  effect  on  transition.  Refs.  1  through  7. 
However,  for  lack  of  evidence  it  has  been  the  policy  of  most  transition  in¬ 
vestigators  to  assume  that  the  disturbance  modes  present  at  higher  Mach 
numbers  (MT  >  3)  (primarily  radiated  sound  or  aerodynamic  noise)  had 
negligible  effects  on  the  location  of  transition  and  on  the  development  of 
the  transition  process. 

However,  recent  experimental  transition  research  by  Pate  and 
Schueler,  Refs.  8  and  9,  has  shown,  conclusively,  the  severe,  adverse 
effect  that  the  aerodynamic  noise  which  radiates  from  the  turbulent  bound¬ 
ary  layer  on  the  walls  of  supersonic  and  hypersonic  tunnels  will  have  on 
transition.  These  studies  have  provided  an  extensive  and  unique 
aerodynamic-noise -transition  Reynolds  number  correlation  of  high-speed 
(3  <  <  8)  wind  tunnel  (Ret)$  data  from  many  different  facilities.  The 

intensity  of  the  radiated  noise  as  reported  in  Refs.  8  and  9  was  related 
to  the  tunnel  size,  tunnel  wall  boundary-layer  state  (laminar,  transitional, 
or  turbulent),  tunnel  unit  Reynolds  number,  and  tunnel  Mach  number. 

Over  the  years,  experimentalists  have  attempted  to  establish  a  valid 
relationship  between  cone  and  flat  plate  transition  Reynolds  numbers. 
Perhaps  the  most  significant  results  to  date  in  this  area  were  those  re¬ 
ported  in  Refs.  10  and  11.  From  a  qualitative  comparison  of  (Re-^  data 
obtained  on  axisymmetric  and  planar  models  from  several  sources  and 
several  different  wind  tunnels.  Potter  and  Whitfield,  Ref.  10,  observed 


1 


A  E  DC -TR -69-1 72 


that  the  (Ret)$  ratio  (cone  to  planar)  appeared  to  decrease  from  a  value 
of  approximately  three  at  =  3  to  about  one  near  M5  =  8.  However, 
more  recently  in  Ref.  11,  Whitfield  and  Iannuzzi  concluded  that  attempts 
at  direct  comparison  of  cone  and  planar  (Ret)s  data  from  various  high¬ 
speed  facilities  must  now  be  viewed  with  reservation  and  that  cone-planar 
(Ret)fi  ratio  results  cannot  be  clearly  established  from  presently  available 
experimental  data.  Their  conclusions  were  based  primarily  on  the  recent 
transition  studies  of  Pate  and  Schueler,  Refs.  8  and  9.  Therefore,  evi¬ 
dence  to  date  appears  to  indicate  that  the  free -stream  disturbances  pres¬ 
ent  in  high-speed  test  facilities  are  also  masking  the  factor  of  three  differ¬ 
ence  between  cone  and  flat  plate  (Ret)g  values  that  have  been  reported  ex¬ 
perimentally  and  implied  by  many  investigators  using  the  theoretical 
analysis  of  Tetervin  in  Ref.  12. 

The  purpose  of  this  research  was  to  extend  the  investigation  of  tunnel 
aerodynamic  noise  effects  on  transition  to  include  axisymmetric  models. 
Slender  cone  models  have  been  tested  at  3  1  <  6  to  determine  if  cone 

transition  Reynolds  numbers  varied  appreciably  with  the  tunnel  size  and 
to  establish  if  an  aerodynamic -noise- transition  correlation  similar  to  the 
planar  results  of  Refs.  8  and  9  could  be  developed. 

These  transition  studies,  conducted  in  the  Tunnels  A  and  D  (Gas 
Dynamic  Wind  Tunnels,  Supersonic  (A)  and  (D),  respectively),  have  also 
provided  new  information  on  the  relation  between  cone  and  flat  plate 
(planar)  transition  Reynolds  numbers  obtained  in  high-speed  (3  £  <  8), 

conventional  wind  tunnels. 


SECTION  II 

EXPERIMENTAL  CONDITIONS 


2.1  WIND  TUNNEL  FACILITIES 

New  experimental  data  included  in  this  report  were  obtained  at  the 
Arnold  Engineering  Development  Center  (AEDC)  in  the  von  Karman  Gas 
Dynamics  Facility  (VKF),  supersonic  Tunnels  A  and  D. 

2.1.1  Tunnel  0 

Tunnel  D  is  an  intermittent,  variable  density  wind  tunnel  with  a 
manually  adjusted,  flexible -pi ate -type  nozzle  and  a  12-  by  12-in.  test 
section.  The  tunnel  operates  at  Mach  numbers  from  1.  5  to  5  at  stag¬ 
nation  pressures  from  about  5  to  60  psia,  respectively,  and  at  average 
stagnation  temperatures  of  about  70°F. 
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2.1.2  Tunnel  A 

Tunnel  A  is  a  continuous,  closed-circuit,  variable  density  wind 
tunnel  with  an  automatically  driven,  flexible -plate -type  nozzle  and  a 
40-  by  40 -in.  test  section.  The  tunnel  operates  at  Mach  numbers  from 
1.  5  to  6  at  maximum  stagnation  pressures  from  29  to  200  psia,  respec¬ 
tively,  and  stagnation  temperatures  up  to  290°F  (M^  =  6).  Minimum 
operating  pressures  range  from  about  one-tenth  to  one-twentieth  of  the 
maximum  pressures. 


2.2  TRANSITION  MODELS  AND  APPARATUS 

The  transition  model.  Figs.  1  and  2  (Appendix  I),  was  a  10-deg 
total-angle,  stainless  steel  cone  equipped  with  a  tool  steel  nose  section. 
The  model  had  a  surface  finish  of  approximately  10  Min.  and  a  tip  blunt¬ 
ness  (b)  between  0.  005  and  0.  006  in.  The  Tunnel  D  model  consisted  of 
the  nose  and  center  section  as  shown  in  Fig.  1.  The  Tunnel  A  model 
was  obtained  by  adding  an  aft  section  as  shown  in  Figs.  1  and  2.  In 
order  to  maintain  a  near-perfect  joint  between  the  sections,  the  model 
surface  was  refinished  after  attaching  each  model  section. 

A  remotely  controlled,  electrically  driven,  surface  pitot  probe  (tip 
geometry  illustrated  in  Fig.  la)  as  shown  in  Figs,  lb  and  2  provided  a 
continuous  trace  of  the  probe  pressure  on  an  X-Y  plotter  from  which  the 
location  of  transition  was  determined. 

Schlieren  and  shadowgraph  photographic  systems  were  used  as  a 
secondary  method  for  detecting  the  location  of  transition  in  Tunnels  D 
and  A,  respectively. 

A  1/4-in. -diam,  flush-mounted  surface  microphone  having  a  fre¬ 
quency  response  from  0  to  30  kHz  and  a  dynamic  response  from  70  to 
180  db  was  also  used  to  measure  the  model  surface  pressure  fluctuations 
in  the  laminar,  transitional,  and  turbulent  flow  regimes  and  to  determine 
the  location  of  transition. 


SECTION  III 

INVISCID  FLOW  CONE  PROPERTIES 


The  unit  Reynolds  number  ratios  at  the  surface  of  sharp,  unyawed 
cones,  assuming  inviscid  flow  properties,  have  been  calculated  and  the 
results  are  presented  in  Fig.  3.  The  justification  for  presenting  these 
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results  was  precipitated  by  the  fact  that  in  reviewing  published  transition 
results  it  became  apparent  that  inconsistencies  existed  in  the  calculation 
of  tunnel  unit  Reynolds  numbers  and  more  often  for  cone  surface  values. 
These  differences  were  traceable  primarily  to  the  different  viscosity  re¬ 
lationships  used.  Therefore,  the  surface  Reynolds  number  ratios  assum¬ 
ing  inviscid  flow  over  sharp,  unyawed  cones  were  calculated  using  three 
different  methods. 

I.  Using  the  linear  viscosity  law  (ju  »  T)  which  is  valid  for  temper¬ 
atures  below  approximately  216°R. 


(1) 


2.  Using  Sutherland's  viscosity  law  which  is  valid  for  temperatures 
above  approximately  216°R. 


(Reg)c 

Reoc 


Sutherland 


Pc  Me  /tA2  /tc  +  198.e\ 
*  Poo  Mm  \TC/  \T»  +  198.6/ 


(2) 


3.  Using  a  combination  of  the  linear  and  Sutherland  viscosity  laws 


r(Reg)c 

Pc 

Me  (' 

L  Re°°  J  linear 

Poo 

’c  / 

plus  Sutherlan  d 


for  T  <  215 °R,  (fi)linear  =  (0.0805  x  10-8)  CT),  lb-sec/ft2 


T  £  216°R,  (fi)sutherUnd 


2.270  x  (T)1-3 
198.6  +  T 


x  10~8,  lb-sec/ft2 


Equation  (3)  combines  the  two  viscosity  laws  and  thus  provides  the 
more  general  method  for  calculating  the  Reynolds  number  ratio.  A  com¬ 
bination  of  the  viscosity  laws  allows  the  free-stream  viscosity  to  be  de¬ 
termined  using  the  linear  law  and  the  cone  surface  value  to  be  evaluated 
using  the  Sutherland  law  which  is  often  the  condition  existing  in  wind 
tunnels  at  high  supersonic  and  hypersonic  Mach  numbers. 


Figure  3a  presents  the  Reynolds  number  ratios  for  Mm  =  2,  5,  and 
12  and  cone  half-angles  (0C)  from  0  to  35  deg.  As  clearly  evident,  the 
three  methods  can  produce  significant  differences  depending  on  the  com¬ 
bined  effects  of  cone  angle  and  flow  conditions. 
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A  family  of  Reynolds  number  ratios  calculated  using  Eq.  (3)  is 
shown  in  Fig.  3b.  It  may  be  noted  that  the  ratios  are  temperature 
dependent  at  flow  conditions  where  Sutherland's  viscosity  law  was 
applicable.  The  temperatures  (T0)  were  selected  to  correspond  to 
the  range  of  total  temperatures  usually  available  in  wind  tunnels. 

All  of  the  transition  Reynolds  numbers  presented  in  this  report 
(including  data  from  other  sources)  were  calculated  using  Eq.  (3)  or 
were  obtained  from  Fig.  3b. 


SECTION  IV 

BASIC  TRANSITION  RESULTS 


4.1  METHODS  OF  DETECTION 

A  surface  pressure  probe,  microphone,  and  photography  were  used 
to  detect  transition. 

4.1.1  Surface  Probe 

Typical  surface  probe  transition  profiles  obtained  in  Tunnels  D  and  A 
are  presented  in  Figs.  4  and  5  for  several  Mach  numbers  and  unit  Reynolds 
numbers.  Unless  otherwise  specified,  the  location  of  transition  used  in 
this  study  is  defined  as  the  peak  in  the  pitot  pressure  profile  as  illustrated 
in  Figs.  4  and  5.  This  method  of  transition  detection  is  generally  accepted 
as  being  near  the  end  of  the  transition  region  (Refs.  13  and  14)  and  has 
been  established  as  one  of  the  more  repeatable  and  reliable  methods  of 
selecting  a  particular  and  finite  location  of  transition. 


4.1.2  Microphone 

Pressure  fluctuation  profiles  obtained  with  the  flush-mounted  1/4-in. - 
diam  surface  microphone  are  shown  in  Fig.  6.  The  sharp  apex  in  the  pres¬ 
sure  profile  was  defined  as  the  indication  of  transition  at  the  microphone 
location.  The  transition  Reynolds  number,  based  on  this  definition,  is 
compared  to  the  pitot  probe  values  in  subsequent  figures.  It  is  of  interest 
to  note  the  similarity  between  the  root -mean- square  (rms)  profiles  and 
other  measurements  of  the  transition  region,  e.  g. ,  the  surface  probe 
(Figs.  4  and  5),  he  at -transfer  rates  (Refs.  15  and  16),  and  heat -transfer 
fluctuations  (Ref.  17).  Additional  information  on  the  spectral  distribution 
of  the  pressure  fluctuations  in  the  laminar,  transitional,  and  turbulent 
boundary  layers  on  this  configuration  and  a  description  of  the  microphone 
instrumentation  and  recording  procedures  are  reported  in  Ref.  18. 


5 


AE  DC-TR-69-1 72 


4.1.3  Photographic  Observations 

The  location  of  transition  as  determined  from  schlieren  and  shadow¬ 
graph  photographs  was  selected  at  the  body  station  where  the  boundary 
layer  had  developed  into  what  appeared  visually  to  be  fully  turbulent  flow. 
This  location  of  transition  provided  (Re^)g  values,  in  general,  about  10 
to  20  percent  lower  than  (Re^)g  results  obtained  from  the  surface  probe 
peak  pressure  locations.  Any  burst,  ripples,  or  rope  effects  that  were 
observable  upstream  of  the  fully  developed  turbulent  location  were  ig¬ 
nored  in  the  selection  of  xj..  The  transition  values  presented  represent 
an  average  x^-  value  determined  from  approximately  four  different  photo¬ 
graphs  . 


4.2  TRANSITION  REYNOLDS  NUMBERS 

As  stated  in  Section  I,  one  of  the  primary  objectives  of  this  research 
was  to  provide  sharp  cone  (Ret)g  data  suitable  for  direct  comparison  with 
existing  two-dimensional  hollow  cylinder  data  reported  in  Refs.  8,  9, 
and  13.  To  maintain  as  nearly  identical  free-stream  flow  disturbances 
as  possible,  the  cone  was  positioned  in  the  tunnel  very  near  the  previous 
hollow  cylinder  locations  and  the  experiments  were  conducted  at  equiv- 
.alent  free-stream  Mach  number  and  unit  Reynolds  number  values. 

The  transition  Reynolds  number  results  for  Tunnels  D  and  A  are 
presented  in  Figs.  7  and  8  (see  also  Tables  I  and  II,  Appendix  II)  and 
appear  quite  normal  in  that  they  exhibit  the  usual  increase  in  (Re^)g  with 
increasing  (Re/in.>5  and  the  photographic  values  are  about  10  to  20  per¬ 
cent  lower  than  the  surface  probe  values.  Although  the  microphone  re¬ 
sults  were  limited  to  two  data  points,  the  peak  in  the  pressure  fluctuation 
profile  appears  to  provide  (Re^g  values  consistent  with  the  surface  probe 
and  photographic  values. 

One  of  the  known  (but  sometimes  forgotten)  variables  that  can  affect 
the  transition  location  is  the  dew  point  (temperature  at  standard  atmos¬ 
pheric  pressure  at  which  water  condensation  occurs).  Ref.  19,  In  Tunnel  D 
the  dew  point  was  sufficiently  low  (<  0°F)  at  all  Mach  numbers  not  to  affect 
the  Xj.  locations.  Also,  in  Tunnel  A  the  dew  point  was  sufficiently  low1  at 
all  Mach  numbers  except  for  the  lower  unit  Reynolds  numbers  (subatmos- 
pheric. pressure  levels)  at  Ma  =  3,  as  illustrated  in  Fig.  8a.  Therefore, 


*The  relatively  high  dew  point  existing  in  the  M^  =  3  data  reflects 
facility  limitations  existing  on  that  particular  date  and  does  not  necessarily 
represent  standard  test  conditions. 
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a  suggested  (Ret)g  trend  as  indicated  by  the  dashed  line  has  been  included 
in  Fig.  8a  for  =  3. 


SECTION  V 

TRANSITION  CORRELATION 


The  primary  objective  of  this  research  was  to  determine  if  sharp 
cone  transition  Reynolds  numbers  varied  with  tunnel  size  in  accordance 
with  the  previously  published  planar  results  and  to  establish  if  the  (Ret)g 
values  could  be  correlated  using  the  aerodynamic-noise-transition  param¬ 
eters  developed  by  Pate  and  Schueler,  Refs.  8  and  9. 

There  was  a  large  increase  in  the  cone  (Re^g  values  from  Tunnels  D 
and  A  at  all  test  Mach  numbers  as  can  be  readily  determined  by  a  compar¬ 
ison  of  the  data  in  Figs.  7  and  8.  Figure  9  presents  a  direct  comparison 
of  the  Mm  =  4  cone  (Re^)g  data  from  Tunnels  D  and  A.  .The  large  increase 
in  (Re-t)g  with  increasing  tunnel  size  is  clearly  evident  and  is  very  similar 
to  the  planar  results  from  Refs.  8  or  9  which  are  included  for  a  quantita¬ 
tive  comparison.  The  increase  in  (Re^)5  with  increasing  tunnel  size  is 
explained  by  a  decrease  in  the  aerodynamic-noise  intensities  that  radiate 
from  the  turbulent  boundary  layer  on  the  tunnel  walls.  A  more  compre¬ 
hensive  discussion  of  this  type  of  disturbance  mode  and  the  aerodynamic- 
noise-transition  correlation  parameters  (6*,  Cp,  and  c)  is  given  in  Refs. 

8  and  9. 

Transition  Reynolds  numbers  on  sharp  slender  cones  were  correlated 
as  shown  in  Fig.  10  using  the  aerodynamic-noise -transition  parameters 
developed  by  Pate  and  Schueler  in  Refs.  8  and  9.  Data  used  in  the  cone 
correlation  were  obtained  not  only  from  the  present  investigation,  but 
from  a  total  of  ten  sources  representing  ten  different  wind  tunnel  facili¬ 
ties.  The  data  covered  a  free -stream  Mach  number  range  from  3  to  14, 
an  (Re/in.),,,  range  from  0.  1  x  10®  to  1.  2  x  10®,  and  test  section  sizes 
from  12  in.  square  to  54  in.  in  diameter.  Specific  information  on  the' 
range  of  test  conditions  and  pertinent  information  on  model  geometry  are 
provided  in  Table  III.  Also  included  in  Fig.  10  is  the  correlation  of  two- 
dimensional  (Re^)g  data  taken  from  Refs.  8  and  9.  The  (Re^Jg  data  ob¬ 
tained  with  detection  methods  other  than  a  surface  probe  were  adjusted 
in  accordance  with  the  findings  of  Refs.  13  and  14  as  specified  in  Table  III. 

One  factor  that  must  be  recognized  in  the  correlation  of  cone  data  is 
the  absence  of  a  one-to-one  relation  or  even  a  constant  ratio  between  the 
free-stream  and  cone  surface  unit  Reynolds  numbers.  If  a  series  of  cone 
angles  had  been  selected  which  would  have  allowed  a  constant  ratio  of 
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certain  cone  to  free -stream  parameters  -  say  the  unit  Reynolds  number 
ratio  -  to  have  been  maintained,  then  any  relationship  that  might  have 
existed  between  the  strength  of  the  cone  bow  shock  wave  and /  or  the 
receptivity  of  the  cone  laminar  flow  to  the  radiated  noise  levels  after 
passage  through  the  bow  shock  would  possibly  have  remained  more 
constant.  Future  investigations  in  these  areas  would,  or  course,  be 
desirable.  Notwithstanding  these  uncertainties,  the  cone  (Ret)5  values 
are  shown  (Fig.  10)  to  correlate  fairly  well  without  exhibiting  a  signif¬ 
icant  dependence  on  the  cone  angle.  It  is  perhaps  of  special  interest  to 
note  that  (Ret)$  data  from  the  AEDC-VKF  Hotshot  Tunnel  F  (Gas  Dynamic 
Wind  Tunnel,  Hypersonic  (F)),  although  a  little  low,  appear  to  correlate. 
In  addition  to  the  radiated  sound  disturbances  that  are  presumed  to  be 
present  in  Tunnel  F,  there  is  also  the  likely  possibility  that  significant 
free-stream  entropy  fluctuations  (temperature  spottiness)  are  also  pres¬ 
ent.  It  would  be  expected  that  this  additional  disturbance  mode  would 
also  have  an  adverse  effect  on  (Re^ . 

An  empirical  equation  for  the  two-dimensional  planar  correlation 
was  reported  in  Refs.  8  and  9  to  be 


An  empirical  equation  that  fits  the  cone  data  fairly  well  can  be 
written  as 


There  are  several  significant  results  (other  than  the  basic  correlation 
which  was  independent  of  Mach  number  and  unit  Reynolds  number)  to  be 
deduced  from  Fig.  10. 

First:  The  sharp  cone  and  planar  correlations  appear  to  intersect  at 
the  low  Cp  values  (M0  k  8)  and  diverge  as  Cp  increases  (Ma-*>  3).  This 
trend  implies  that  the  ratio  of  cone  to  planar  (Ref-)g  values  is  dependent 
on  Mach  number,  tunnel  size,  and  unit  Reynolds  number.  A  detailed 
discussion  on  this  subject  is  pursued  in  Section  VII. 

Second:  A  literal  interpretation  of  the  correlation  suggests  that 
Tunnel  F  planar  (Re^  values  would  be  larger  than  cone  values.  The 
validity  of  this  inference  will  have  to  wait  for  experimental  verification. 
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The  average  turbulent  skin  friction  coefficients  (Cp)  used  in  the 
transition  correlation  were  determined  using  Ref.  20,  in  conjunction 
with  the  tunnel  free-stream  Mach  number  and  a  length  Reynolds  num¬ 
ber  based  on  (Re/in, and  the  model  axial  location  (im)  as  measured 
from  the  tunnel  throat.  Information  concerning  the  determination  of 
the  tunnel  wall  6*  values  is  provided  in  Table  III. 

The  reader  should  be  aware  that  the  (Re.^  correlations  presented 
in  Fig.  10  are  applicable  only  to  wind  tunnels  having  turbulent  wall 
boundary  layers;  Consequently,  the  correlations  cannot  be  used  for 
evaluation  of  ballistic  range  or  free-flight  transition  locations.  Fur¬ 
thermore,  the  experimental,  data  and  correlations  presented  should  not 
be  used  to  reach  conclusive  decisions  regarding  the  "true"  Mach  num¬ 
ber  and  unit  Reynolds  number  variations  that  may  exist  in  a  disturbance - 
free  environment  (either  free-flight  or  experimental  facility).  However, 
it  has  been  established  that  -  at  least  in  conventional  supersonic  and 
hypersonic  wind  tunnels  -  radiated  noise  is  a  major  and  perhaps  domina¬ 
ting  influence  on  the  transition  location  and  process. 


SECTION  VI 

TUNNEL  SIZE  AND  MACH  NUMBER  EFFECTS 


Significant  increases  in  planar  transition  Reynolds  numbers  with 
increasing  tunnel  size  as  a  result  of  a  decrease  in  the  radiated  aero¬ 
dynamic  noise  were  thoroughly  documented  by  Pate  and  Schueler,  Refs. 

8  and  9.  Cone  (Ret)g  data  obtained  during  the  present  investigation  in 
Tunnels  A  and  D  demonstrated  a  similar  increase  with  increasing  tun¬ 
nel  size  as  was  illustrated  in  Fig.  9. 

A  composite  plot  of  data  from  the  present  study  and  several  other 
sources  is  presented  in  Fig.  11.  These  results  firmly  establish  the 
existence  of  a  significant  increase  in  cone  and  planar  (Ret)s  values 
with  increasing  tunnel  size.  The  data  presented  also  clearly  indicate 
that  only  by  comparing  data  obtained  in  identical  test  environments  can 
a  valid  and  meaningful  relationship  between  cone  and  planar  (Rej-)g  ratios 
be  established. 

Figure  11  also  adds  substantial  support  to  the  conclusion  of  Refs.  8 
and  9  that  the  "true"  Mach  number  effect  on  transition  cannot  be  estab¬ 
lished  from  wind  tunnel  models  exposed  to  aerodynamic  noise.  It  is 
perhaps  also  of  interest  to  note  the  difference  in  Mach  number  trends 
between  the  cone  and  planar  (Re^  data  which  exists  even  when  the  fair¬ 
ing  is  based  on  data  from  tunnels  of  similar  size. 
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The  predicted  (Re^  values  obtained  using  Eqs.  (4)  and  (5)  are  also 
included  in  this  figure,  and  the  agreement  with  the  experimental  data  in 
both  trends  and  levels  is  considered  quite  satisfactory. 

Variations  of  transition  with  tunnel  size  are  perhaps  most  strikingly 
demonstrated  at  Mm  =  3  where  the  cone  and  planar  data  are  presented  for 
tunnels  varying  in  size  from  5  to  40  in.  and  from  1  to  16  ft,  respectively. 

Concerning  Mach  number  effects,  the  reader  is  referred  to  the  re¬ 
sults  obtained  by  Stainback  at  NASA-Langley  (Ref.  21)  which  were  rep¬ 
resented  and  discussed  in  Refs.  8  and  9.  These  studies  report  that  when 
the  tunnel  and  cone  local  unit  Reynolds  number  were  held  approximately 
constant  and  the  cone  local  Mach  number  was  varied  from  about  4  to  8  —  by 
proper  selection  of  cone  angles  —  then  the  (Re^g  values  were  independent 
of  Mach  number.  These  results  are  in  agreement  with  the  proposed 
aerodynamic-noise -transition  relation  and  with  the  correlations  presented 
in  Fig.  10. 


SECTION  VII 

AXISYMMETRIC  AND  PLANAR  TRANSITION  CORRELATION 


Potter  and  Whitfield  in  Ref.  10  made  a  qualitative  comparison  of 
(Ret)5  data  obtained  on  cones  and  planar  bodies  from  several  sources  and 
observed  that  the  ratio  of  (Repg  j  cone^^et^6,  planar  appeared  to  decrease 
from  a  value  of  approximately  3  at  3  to  a  value  of  about  1.  1  at  «  8. 

Based  on  the  planar  results  of  Pate  and  Schueler,  Refs.  8  and  9,  Whitfield 
and  Iannuzzi  in  Ref.  11  concluded  that  attempts  at  comparison  of  (Re^)g 
from  various  high-speed  facilities  as  done  in  Ref.  10  must  now  be  viewed 
with  reservation,  and  the  relationship  between  cone  and  planar  (Re^)g 
results  could  not  be  established  from  presently  available  data. 

Therefore,  one  of  the  primary  objectives  of  this  research  was  to 
attempt  to  establish  a  quantitative  correlation  of  sharp  slender  cones 
(axisymmetric)  and  flat  plate -hollow  cylinder  (planar)  transition  Reynolds 
numbers  at  supersonic  and  hypersonic  speeds. 

Based  on  the  results  of  Refs.  8  and  9,  it  was  realized  that  a  corre¬ 
lation  was  possible  only  if  cone  and  flat  plate  data  were  obtained  in  the 
same  test  facility,  under  identical  test  conditions,  using  equivalent 
methods  of  transition  detection.  There  are  no  available  investigations  of 
the  receptivity  of  a  laminar  boundary  layer  to  radiated  noise.  Consequently, 
it  was  necessary  to  obtain  (Re^lg  data  exposed  to  various  .intensity  levels 
of  radiated  noise  while  continuing  to  maintain  a  constant  free -steam  unit 
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Reynolds  number  and  Mach  number  if  the  cone-planar  (Ret)g  relation  was 
to  be  determined.  This  was  accomplished  by  obtaining  test  data  in  signif¬ 
icantly  different -sized  tunnels  (VKF  Tunnels  A  and  D). 

Presented  in  Fig.  12  is  a  correlation  of  cone  and  flat  plate  (Ret)g 
data  developed  from  the  data  obtained  in  this  study  and  Refs.  8  and  9 
(VKF  Tunnels  A  and  D)  and  data  from  three  other  test  facilities.  Based 
on  the  results  of  Refs.  8  and  9,  it  can  be  argued  that  there  are  various 
procedures  that  are  available  for  reducing  this  type  of  data.  The  three 
procedures  used  are  outlined  in  the  legend  of  Fig.  12.  The  significant 
conclusions  to  be  drawn  from  this  figure  are:  (1)  The  (Ret)g  ratio 
appears  to  be  about  2.  2  to  2.  5  at  Mj.  =  3.  (2)  The  trend  decreases 

monotonically  with  increasing  Mach  number  to  a  value  of  approximately 
1.  0  to  1.  1  at  M^  =  8.  (3)  Close  inspection  of  these  results  at  a  given 

Mach  number  (Mro  =  3  to  5)  suggests  a  decrease  in  the  (Rej-)g  ratio  with 
increasing  tunnel  size.  This  finding  is  in  agreement  with  the  correlation 
results  presented  in  Fig.  10.  (4)  The  (Re-|.)g  ratio  is  also  slightly  depend¬ 

ent  on  the  method  of  analysis. 

An  empirical  equation  for  the  cone-planar  (Re^g  ratios  can  be  obtained 
by  ratioing  Eqs.  (4)  and  (5). 

Then 

•  OW^S.cnne  Eq.  (5) 

<R».)S.pi.n«  =  E^IJ)  =  745  (Cf)  '  (6) 

Predicted  transition  ratios  using  Eq.  (6)  are  presented  in  Fig.  13  for 
a  large  range  of  tunnel  sizes,  Mach  numbers,  and  (Re/in. )(B  values.  The 
experimental  data  for  the  40-  and  50-in.  tunnels  (3  <  M^  <  8)  are  in  good 
agreement  with  the  empirically  predicted  ratios.  The  data  also  indicate, 
qualitatively  at  least,  a  decrease  in  the  transition  ratio  with  an  increase 
in  tunnel  size. 

Many  investigators  have  referenced  the  analytical  analysis  of  Tetervin, 
Ref.  12,  when  attempting  to  explain  the  cone-planar  (Re^g  ratios  of 
approximately  three  that  were  observed  experimentally.  Therefore,  it 
appears  of  interest  to  consider  Tetervin' s  theoretical  results  (Refs.  12, 

22,  and  23)  in  some  detail. 

From  Tetervin's  theoretical  analysis  in  Ref.  22 


'  Wet)S,  cone 
(Het)5(  planar 


1  +  2 


(Rci)8,  pi  anar-minimum 
(Re,)g 
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The  (R et) 5 ,  planar -minim vim  values  represent  the  theoretical  mini¬ 
mum  transition  Reynolds  number  that  can  occur  on  a  flat  plate,  and 
these  values  are  presented  as  a  function  of  Mach  number  and  model  sur¬ 
face  temperature  in  Ref.  22. 

Tetervin's  theoretical  transition  ratio  (Eq.  (7))  was  derived  using 
linear  stability  theory.  As  shown  by  Eq.  {7)  when  (Re^g^  planar  *s  near 
the  minimum  possible  value  then  the  cone -planar  ratio  approaches  a 
value  of  three.  As  (Re^Jg^  planar  m°ves  farther  downstream  then  Eq.  (7) 
approaches  a  value  of  unity.  The  assumptions  that  must  be  applied  to 
Tetervin's  analysis  are:  (1)  free-stream  disturbances  are  nonexistent, 
or  (2)  the  disturbances  affect  only  the  laminar  region  of  instability  up¬ 
stream  of  the  respective  (Ref)g  ^  planar -minimum  locations,  or  (3)  the 
absorptivity  characteristics  of  the  laminar  layers  on  both  the  cone  and 
flat  plate  downstream  of  the  (xt)pianar-minimum  locations  are  identical. 
There  are  no  available  experimental  supersonic  data  that  comply  with 
assumption  No.  1,  and  with  disturbances  present  there  is  no  evidence  to 
support  assumptions  (2)  and  {3).  Nevertheless,  it  appears  to  be  of 
interest  to  use  Eq.  (7)  and  the  theoretical  (Re^)§>  planar -minimum  values 
of  Ref.  22  in  conjunction  with  the  experimental  (Ret)g  -pianar  values  pre¬ 
sented  in  Fig.  11  of  this  study  to  estimate  a  few  cone-planar  transition 
ratios.  The  results  are  listed  in  column  six  of  Table  IV. 

An  increased  value  for  Eq.  (7)  can  be  obtained  if  experimentally 
measured  minimum  critical  Reynolds  number  (Fig.  3  of  Ref.  12,  showing 
the  stability  data  of  Schubauer  and  Skramstad,  Laufer  and  Vrebalovich, 
and  Demetriades)  is  used  instead  of  the  theoretical  estimates  of  Tetervin. 
Also  the  (Ret)  5  values  presented  in  Fig.  11  (and  used  in  the  previous 
evaluation  of  Eq.  (7))  correspond  to  the  maximum  pitot  probe  pressure 
location  which  is  on  the  order  of  a  factor  of  two  downstream  of  what  one 
might  consider  as  a  ''measurable’1  beginning  of  transition.  Incorporating 
these  adjustments  into  Eq.  (7)  produces  the  cone-planar  ratios  tabulated 
in  column  seven  of  Table  IV. 

For  a  factor  of  three  to  exist  in  the  estimated  cone -planar  transition 
ratio  at  =  3  would  require,  depending  on  the  method  of  analysis,  a 
two-dimensional  (Re^s  >  planar  value  of  16,  000  to  80,  000,  To  the  author's 
knowledge,  these  values  are  on  the  order  of  a  factor  of  10  to  50  below  any 
published  data.  Therefore,  it  would  seem  that  the  cone  to  flat  plate  ratio 
of  three  quoted  by  many  investigators  as  being  theoretically  predicted  by 
Eq.  (7)  is  perhaps  without  adequate  foundation,  and  the  apparent  agree¬ 
ment  with  experimental  data  that  appeared  to  exist  is  perhaps  only 
fortuitous.  Similarly,  the  decrease  to  approximately  one  exhibited  by  the 
experimental  data  in  Figs.  12  and  13  as  the  Mach  number  approaches  eight 
does  not  appear,  based  on  the  results  in  Table  IV,  to  be  explained  by 


12 


AE  DC-TR-69-1 72 


Eq.  (7).  Based  on  the  available  information  it  is  suggested  that  the 
absolute  values  produced  by  Eq.  (7)  are,  at  best,  not  adequate  for 
accurate  predictions  or  for  laying  a  foundation  for  analyzing  experi¬ 
mental  transition  results.  However,  it  is  of  interest  to  note  the  trend 
predicted  by  Eq.  (7)  for  a  constant  Mach  number  when  the  value  of 
(Ret)^j  planar -minimum  *s  assumed  constant.  The  cone-planar  (Ret)g 
ratio  as  given  by  Eq.  (7)  is  seen  to  decrease  with  increasing  experi¬ 
mental  (Ret)$  -planar  values  — which  will  occur  with  increasing  tunnel 
size  or  increasing  (Re/in.)^  —  and  this  trend  is  in  agreement  with  the 
experimental  results  shown  in  Figs.  12  and  13. 


SECTION  VIII 

COMPARISON  OF  TUNNEL  AND  RANGE  RESULTS 


Figure  14  presents  a  direct  and  quantitative  comparison  of  transi¬ 
tion  data  from  sharp  slender  cones  obtained  in  wind  tunnels  and  an  aero- 
ballistic  range.  Ref.  24,  at  equivalent  local  Mach  numbers  using  similar 
methods  of  detection.  At  a  comparable  (Re/in.lg  value,  these  data  suggest 
that  the  range  (Ret)6  data  are  significantly  lower  than  the  tunnel  results, 
even  for  the  12-in.  tunnel. 

One  major  nonsimilarity  between  the  tunnel  and  range  experimental 
conditions  is  in  the  surface  temperature  ratios.  Transition  reversals 
have  been  predicted  theoretically.  Ref.  25,  and  verified  experimentally. 
Refs.  26  and  27,  and  possible  transition  reversals  have  been  shown 
experimentally,  Ref.  27.  However,  to  the  author's  knowledge,  there 
are  no  experimental  data  that  show  transition  Reynolds  number  to  de¬ 
crease  below  the  adiabatic  wall  value  for  any  degree  of  surface  cooling. 
Therefore,  if  comparisons  could  be  made  where  the  model  wall  to  free- 
stream  temperature  ratios  were  comparable,  then  a  larger  difference 
between  tunnel  and  range  (Ret)s  data  than  suggested  by  Fig.  14  might 
exist. 

One  question  that  naturally  arises  is  whether  adverse  environmental 
or  model  disturbances  could  be  affecting  the  range  results.  Only  additional 
and  new  experimental  range  data  can  answer  this  question.  It  is  also  of 
interest  to  note  that  the  data  in  Fig.  14  indicate  a  significant  difference 
between  the  tunnel  and  range  Ret  versus  (Re/in. )5  slope.  The  significance 
of  the  unit  Reynolds  number  effect  evident  in  the  range  data  and  the  results 
of  preliminary  investigations  on  range  noise  disturbances  have  been  re¬ 
ported  in  Ref.  24. 
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SECTION  IX 

CONCLUDING  REMARKS 


The  significant  results  obtained  from  this  experimental  research 
were: 

1.  Boundary -layer  transition  measurements  made  on  a 
sharp,  10 -deg  total-angle  cone  in  a  12-  and  40-in.  wind 
tunnel  at  Mach  numbers  from  3  to  4.  5  have  shown  a 
significant  increase  in  transition  Reynolds  numbers 
(Ret)g  with  increasing  tunnel  size.  These  variations 
with  tunnel  size  are  in  agreement  with  previously  pub¬ 
lished  planar  results  and  provide  additional  confirma¬ 
tion  of  the  severe  adverse  effect  radiated  aerodynamic 
noise  has  on  transition.  The  variation  of  (Ret)g  with 
tunnel  size  is  explained  by  the  aerodynamic  noise  that 
radiates  from  the  tunnel  wall  turbulent  boundary  layer. 

2.  A  correlation  of  transition  Reynolds  numbers  (Re^g 
data  from  ten  different  wind  tunnel  facilities  covering  a 
Mach  number  range  from  3  to  14,  a  unit  Reynolds  num¬ 
ber  per  inch  range  from  0.  1  x  10®  to  1.2  x  10®  and 
tunnel  test  section  sizes  from  12  in.  square  to  54  in.  in 
diameter  was  developed.  The  correlation  was  independ¬ 
ent  of  Mach  number  and  unit  Reynolds  number  and  de¬ 
pendent  only  on  the  aerodynamic -noise  parameters  estab¬ 
lished  by  Pate  and  Schueler  for  planar  (Ret)g  data, 

3.  These  axisymmetric  (Re^g  data  and  the  resulting 
aerodynamic-noise-transition  correlation  provide  addi¬ 
tional  confirmation  to  the  earlier  suggestions  by  Pate 
and  Schueler  that  extreme  caution  must  be  exercised 
when  attempting  to  establish  so-called  "true"  Mach  num¬ 
ber  and  unit  Reynolds  number  trends  from  transition  data 
obtained  in  conventional  supersonic  and  hypersonic  tunnels 
because  of  the  strong  adverse  effect  of  aerodynamic-noise 
disturbances. 

4.  A  quantitative  correlation  of  cone  to  planar  transition 
Reynolds  number  ratios  was  developed.  The  data  corre¬ 
lation  and  an  empirical  equation  (based  on  the  aerodynamic- 
noise-transition  correlation)  show  a  monotonic  decrease  in 
the  transition  ratios  with  increasing  Mach  number.  A  de¬ 
pendence  on  tunnel  size  and  unit  Reynolds  number,  in  addi¬ 
tion  to  the  Mach  number  trend,  is  also  indicated. 
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5.  The  theoretical  analysis  of  cone-planar  transition  ratios 
developed  by  Tetervin  and  often  quoted  by  experimental¬ 
ists  as  predicting  a  factor  of  three  to  exist,  does  hot 
appear  to  provide  a  satisfactory  explanation  of  the  results 
presented  in  this  report. 

6.  Wind  tunnel  (Re^  results  are  shown  to  be  significantly 
higher  than  ballistic  range  data  at  =4.3  and 
(Re/in. )g  *0.6  x  106.  Additional  experimental  testing 
is  required  to  explain  this  apparent  anomaly. 
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All  Dimensions  in  Inches 
Tunnel  D  Model  Configuration  l  -  24.47  in. 
n>  Tunnel  A  Model  Configuration  t  «  49. 05  in. 

I — L 

Model  Surface  Finish  5  to  10  Microinches 


Model  Instrumentation 

Sym 

Type 

Quantity 

Surface  Location 
x,  in. 

X 

Pressure  Orifice, 
(0. 020-in.  -diam) 

4 

15.59,  37.26 
(90  deg  Apart) 

i 

Thermocouple 

2 

16.08,  37.76 

o 

Microphone 

1 

45.51 

a.  Model  Details 
Fig.  1  Model  Geometry 


Probe  A 

(Used  in  Tunnels  D  and  A) 


Probe  B 

(Used  in  Tunnel  A  Only) 
PROBE  DETAILS 
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-• — Surface  Probe 


b.  Photograph  of  Model  Components 
Fig.  1  Concluded 


Flexible  Plate 


Microphone  Location 


Straight  Wall 


Surface  Probe 


Probe  Drive  Mechanism 


Fig.  2  Tunnel  A  Cone  Model  Installation 
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5-deg  Cone 
5 -deg  Cone 
5-deg  Cone 
Hollow  Cylinder 


Bottom 


Method  of  Detection 

Source 

Schlieren 

Present  Study 

44 

Schlieren 

Present  Study 

44 

Surface  Probe  (pmaxl 
Surface  Probe  (pmax) 

Present  Study 

44 

Refs.  8,  9,  and  13 

48 

0.07  0.1 


0.2  0.3  0.4 

(Re/in.  )g 


o.  =  3.0 


xlO6 

4 


AA6  =3.34 
0r  =  5  deg 


o  A 
A 


?  & 


■Planar,  b  =  0 
Refs.  8  and  9 
Mg  =3.0 


0. 7xl06 


-Planar,  b  =  0 
Ref.  13 
Mg  =3.5 


0.07  0.1 


0.2  0.3  0.4 


0. 7x10® 


(Re/in.  )g 

b.  =  3.48 

Fig.  7  Transition  Reynolds  Number  Data  from  Tunnel  D,  Sharp  Cone  and  Planar  Models 


Planar,  b  =  0 
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Sym 

A 

o 

□ 

X 

Surface  Ray 

Method  of  Detection 

Source 

llMM 

5-deg  Cone 

5-deg  Cone 

5-deg  Cone 
Hollow  Cylinder 
5-deg  Cone 

Top 

Bottom 

Bottom 

Side 

Top 

Shadowgraph 

Shadowgraph 

Surface  Probe(pmax) 
Surface  Probelp^) 
Microphone!  pmax) 

Present  Study 
Present  Study 
Present  Study 
Refs.  8  and  9 
Present  Study 

215 

215 

215 

213,  231 
215 

a.  Moo  m  3.0 


b.  NU-  *.0 

Fig.  8  Transition  Reynolds  Number  Data  from  Tunnel  A,  Shorp  Cone  ond  Planar  Models 
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Planar,  b  »  0 

Ref.  9  (Data  Crossplot) 
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Planar  Data  and  Eq.  (4)  from  Refs.  8  and  9.  Based  on  Data  from  Nine 
Different  Wind  Tunnel  Facilities  Varying  in  Size  from 
1  to  16  ft,  Mach  Number  Range  from  3  to  8,  and 
{Re/in.  Range  from  0. 05  x  10$  to  1. 1  x  10$. 

Symbol  Notation  for  Cone  Data  Is  Consistent  with  Table  ill. 


Fig.  10  Correlation  of  Transition  Reynolds  Numbers 
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Fig.  11  Variation  of  Axisymmetric  and  Planar  Transition  Reynolds  Numbers  with  Tunnel  Size 
and  Mach  Number 
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1 


Sym 

Moo 

Configuration 

Facility 

Source 

Method  of  Detection” 

■ 

3,4,5 

Hollow  Cylinder,  b  *  0 

AEDC  VKF  D(12  by  12  in.) 

Refs.  8  and  9 

Maximum  P  (No  Adjustment)** 

♦ 

5, 6. 1,7. 1,8 

Flat  Plate,  b  =  0 

AtOC-VKF-t(12  by  12  in.) 

Refs.  8  and  9 

Maximum  P  (No  Adjustment)** 

3.7,  4.6 

Flat  Plate,  b  *  0 

JPL-SWT (18 by  20  in.) 

Rofs.  8  and  9 

Maximum  Surlace  Shear  (No  Adjustment)** 

• 

3,4,5 

Hollow  Cylinder,  b  -  0 

AEDC -VKF -A  (40  by  40  In, ) 

Refs.  8  and  9 

Maximum  P  (No  Adjustment)’* 

A 

6,8 

Hollow  Cylinder  and  Flat  Plate,  b  -  0 

AEDC-VKF-B  (50-in.  Diam) 

Refs.  8  and  9 

Maximum  P  (No  Adjustment)” 

•  4 

3 

Hollow  Cylinder 

AEDC-PWT-16S  (16  by  16  ft) 

Refs.  8  and  9 

Maximum  P  (No  Adjustment)” 

□ 

3. 3. 5. 4. 4. 5 

Sharp  Cone.  0c  ’ 5  deg 

AEDC  VKF-D  (12  by  12  in.) 

Present  Study 

Maximum  P  (No  Adjustment)** 

O 

3, 4, 4. 5, 5, 5.9 

Sharp  Cone,  0c  *  5  dog 

AEOC-VKF-A  (40  by  40  in.) 

Present  Study 

Maximum  P  (M®  =5.9,  Shadowgraph)  (No  Adjustment)** 

•  0 

6.1,8 

Sharp  Cone,  0c  -  10  deg 

AEDC-VKF-E (12 by  12  in.) 

Ret.  10 

Shadowgraph  (Adjusted  hy  Factor  ot  1. 1) 

0 

3. 1,3. 8 

Sharp  Cone,  Oc  *7. 5  deg 

R.A.E.  (5  by  5  in.) 

Ret.  36 

Shadowgraph  (No  Adjustment) 

V 

10.2 

.  Sharp  cone,  Oc  *  3. 75  deg 

NASA  Langley  C31  by 31  In.) 

Ref.  34 

Maximum  (j  (0.4  <  (lwfio>  <  0.63)  (No  Adjustment) 

D 

10 

Sharp  Cone,  @c  “  5  deg 

Republic  Aviation  Corp.  (36-iti.  Dlam) 

Ref.  37 

Maximum  g  I0. 075  <  (Twflo)  <  0. 36)(No  Adjustment) 

A 

10 

Sharp  Cone,  0c  *  6  deq 

AEDC-VKF-C  (50-In.  Dlam) 

Ref.  33 

Maximum  q  (ITwfto)  -0.25)  (No  Adjustment) 

A 

8 

Sharp  Cone,  0c  ■  9  deg 

AEDC-VKF-B  (50-In.  Dlam) 

VKF  and  Ref.  10 

Shadowgraph  ((Ty/To)  ~  0.8,  Hot  Wall)  (No  Adjustment) 

A 

6 

Sharp  Cone,  0c  -  6  deg 

AEDC-VKF-B  (50-in.  Diam) 

VKF  and  Ref.  10 

Maximum  q  IITwiTrf  ~  0-  63)(Adjusted  by  Factor  of  1, 08) 

n 

10 

Sharp  Cone,  0c  -  9  deg 

AEDC-VKF-C  (50-in.  Diam) 

VKF 

Shadowgraph  ((Ty/To)  ~  o.  66.  Hot  WallHAdjusted  by  Tactor  of  1  1) 

a 

14.2  ±0.3 

Sharp  Cong,  0c  -  9  deg 

AEDC-VKF-F  (54-in.  Diam) 

Ref.  11 

Maximum  q  (HVTg)  a-  0. 19)(No  Adjustment) 

'Extrapolated  Data 

"Amount  of  Adjustment  Based  on  Results  of  Present  Study  and  Refs,  10,  13,  and  14 


Fig.  11  Concluded 
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0C,  deg 
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D  elect  Ion 
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a 

Sharp  Cone 

3  to  4.5 

2.9  to  4.3 

0. 15 1 

o  0. 4 

VKF-D 

112  by  12  In.) 

Maximum 

Pitot  Pressure 

\ 

Present  Study  (Fig.  7) 

Hollow  Cylinder 
(b-01 

■ 

3  to 4.5 

3  to  4. 5 

Refs.  8.  9.  and  13 

fl 

Sharp  Cone 

5 

3  to  5 

2.9  to  4.7 

0. 15 1 

o  0. 6 

VKF-A 

(40 by 40  in.) 

Maximum 

Pitot  Pressure 

1 

Present  Study  (Fig.  8) 

Hollow  Cylinder 
lb  *0) 

| 

3  to  5 

3  to  5 

Ref.  9 

B 

Sharp  Cone 

5.6 

6 

5.5 

0. 15  t 

1)0.4 

VKF-A  and 
VKF-B 

150- in.  Diam) 

Shadowgraph 

^maximum 

Present  Study 

VKF 

Refs.  9  and  38 

Flat  Plate 
lb=0) 

[jg|| 

6 

6 

Sharp  Cone  • 

H| 

BB 

0.2.  ( 

.3 

VKF-B 

(50-in.  Diam) 

9max  and 
Shadowgraph 

Refs.  10  and  VKF 
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lb-0) 

8 
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Ref.  14 

H 
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KM 

8 

a 

2 

VKF-B 
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Shadowgraph 
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Ref.  39 

Flat  Plate 
lb  —  0) 

D 
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5 
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0. 1  to  0. 6 
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Ref.  15 
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MM 

D 
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as 

CDB8 
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Ref.  16 

Hollow  Cylinder 

- 

B 
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Fig.  13  Comparison  of  Predicted  and  Measured  Cone-Planar  Transition  Ratios 
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